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Abstract 
In this study, the effect of suction on strength and deformation properties were evaluated by means of 
X-ray CT scan, unconfined compression test and bender element test on a sandy soil. 
The following conclusion can be derived from the test results presented in this paper:  
- Change of unconfined compression strength, elastic shear modulus and suction with respect to the 
increase of water content showed a similar trend.  
- The water content that indicates the maximum value of unconfined compression strength, elastic 
shear modulus and suction did not exactly match. Based on this result, it is indicated that change of 
mechanical properties of compacted sandy soil is related also factors such as coordination number, in 
addition to suction. 
Keywords: Unsaturated sandy soil, Mechanical property, X-ray CT, suction 
1 Introduction 
In roads and railways, embankment structures composed of compacted geomaterial are used 
because of their superiority in environmental and economic performance over other soil structures. 
The compaction property in the geomaterial has an optimum water content at which the dry density is 
largest in the case where the geomaterial is compacted under fixed compaction energy conditions. This 
is widely known as a compaction curve obtained from the tamping test. Furthermore, the engineering 
properties of the compacted geomaterial are known to be dependent on the dry density and the water 
content at the completion of compaction. For example, deformation and strength properties show the 
maximum value on the dry side of the optimum water content. This experimental fact means that the 
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compacted geomaterial has the different optimum water contents for improving the engineering 
properties corresponding to the different required performances. Many research reports(e.g. 
Lambe,1958) describe the mechanism for varying engineering properties depending on the increase or 
decrease of the water content, as described above, from the viewpoint of soil micro-structure which is 
formed when the geomaterial is compacted. Many of the research reports have provided numerous 
data necessary to develop provisions for construction and quality control. The soil micro-structure has 
been, however, only used conceptually to interpret the behavior of the mechanical test results, and the 
soil micro-structure has been rarely discussed quantitatively.  
Accordingly, in this study, we have tried to perform a more objective examination of the effect of 
the soil microstructure on the mechanical properties of the compacted geomaterial by adding 
quantitative information to a conceptual interpretation used in the past research reports. An unconfined 
compression test (hereinafter, referred to as “UC test”) and a bender element test (hereinafter, referred 
to as “BE test”) were performed on specimens which were prepared with four kinds of samples having 
different size distributions. Furthermore, we have presumed that the changes in the mechanical 
properties obtained from the experiments are related with suction and coordination number as soil 
microstructure. Accordingly, a micro-focus X-ray CT scan (hereinafter, referred to as “XCT”) was 
performed on samples whose particle structures can be grasped. Then, the suctions and coordination 
numbers are calculated from the images obtained from XCT to confirm their consistency with the 
mechanical test results. 
2 Test Method and Conditions 
Fig. 1 shows particle size distribution curves of the samples used in the test. Samples-1 to 3 are 
geomaterials composed of mixtures of Silica sand-A and Fujinomori Clay. The weight ratios of Silica 
sand-A to Fujinomori clay are described in the figure. Sample-4 is silica sand different from Silica 
sand-A. Fig. 2 shows compaction curves. The compaction test is compliant with JIS A 1210. The 
compaction energy is 550 kJ/m3.  
Fig. 2 shows a result of the plot of the dry densities and water contents of the specimens used in 
the mechanical test and XCT on the compaction curves. Dry densities and water contents of the 
samples used in the test were adjusted as shown on the compaction curves in Fig. 2 to prepare 
specimens having a diameter of 50 mm and a height of 100 mm. The specimens have five compacted 
layers. The specimen for XCT which targeted at Sample-4 have a diameter of 18 mm and a height of 
10 mm, and has one compacted layer. The method of the compaction was dynamic compaction using 
the entire cross-section piston and a hammer for all the specimens.  
XCT was performed on two types of specimen groups targeting at Sample-4, and then the suction 
and the coordination number among the soil particles were calculated from each of the results. 
Unsaturated specimens were subjected to XCT to calculate the suctions (refer to Table 1). On the other 
hand, unsaturated specimens were dried to calculate the coordination numbers, because analysis using 
Fig.1. Grain size distribution of sample 
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the images of the unsaturated specimens gave unreliable analysis results such that the particle sizes 
were calculated to be extremely small and the coordination numbers were calculated to be extremely 
large. Basically, in the image analysis, unsaturated soil composed of three phases of air, water, and 
soil particles needs to be phase-separated at a pre-set threshold for each of the phases.  
However, the image obtained from XCT in this study showed that the separation of the water 
portion having an intermediate density between air and soil particles was incomplete. This was 
considered to be the cause of the error of the analysis results. In this study, therefore, specimens in the 
unsaturated state was cured in an incubator maintained at 90°C for 24 hours. Then, XCT was 
performed on the specimens in which meniscus water and bulk water around soil particles had been 
evaporated. Fig. 3 shows the results of XCT of Sample-E in Table-2 before and after curing, where 
white parts, black parts, and neutral (grey) parts indicate soil particles, voids, and water, respectively. 
The set positions in the XCT apparatus were slightly different among the specimens. Consequently, 
XCT results obtained are not those of exactly the same positions. However, the images of the focus 
particle in the figure indicate that the water only around the particles was evaporated with the 
positional relationships between the particles before and after curing maintained. Fig. 4 shows 
Fig.2. Compaction curve and specimens condition 
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Table.1. Specimens condition of XCT for suction 
Specimen 
No. 
Dry density, 
Ud (g/cm3) 
Water content, 
w (%) 
Suction, 
Pc (kN/m2) 
A 1.69 13.0 0.32 
B 1.75 13.1 0.68 
C 1.78 14.1 0.95 
D 1.79 15.2 1.19 
E 1.75 16.8 0.48 
F 1.69 19.2 0.16 
Table.2. Specimens condition of XCT for coordination number 
Specimen 
No. 
Dry density, 
Ud (g/cm3) 
Water content, 
w (%) 
Coordination 
Num., Nc 
A 1.70 12.5 3.5 
B 1.75 13.1 4.2 
C 1.79 13.9 3.9 
D 1.80 14.4 4.0 
E 1.79 14.9 3.8 
F 1.72 18.3 3.5 
G 1.69 19.7 3.6 
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brightness profiles at the location indicated by the broken line in Fig. 4. As in Fig. 4, each brightness 
corresponds to voids, pore water, and soil particles in ascending order. The brightness of the pore 
water, which is about 120 to 150 before curing, decreases to about 50 to 80 after curing, which is close 
to the brightness of the void.  
This is because the pore water was evaporated after curing. Turning now to the soil particles 
having a brightness of about 220 to 230, the soil particles are shown to have rarely moved before and 
after curing because the shift of the distance L corresponding to a brightness of about 220 to 230 can 
hardly be identified before and after curing. On the other hand, though the portions where the pore 
water is not evaporated during curing are observed (about L = 1.8 mm), such portions are fewer 
compared to portions where the pore water is evaporated. Thus, it was determined that the pore water 
was sufficiently evaporated. From the above results, it was determined that there was no significant 
differences overall in the soil microstructure between the specimens before and after curing, so that the 
coordination numbers were calculated from the XCT images of the specimens prepared by evaporation 
of water from the unsaturated specimens. The specimens for XCT were smaller in size compared with 
the specimens used for the mechanical tests. Accordingly, it would be anticipated, therefore, that the 
local density variation of the specimen may affect the relationship between the information obtained 
from XCT and the mechanical test results. Since it is an object of this study, however, to obtain high-
resolution X-ray CT scan images which have no problem in terms of the calculation of the suctions 
and the analysis of the coordination numbers, which are described below, the small specimens were 
used. 
3 Result and Discussion 
3.1 Mechanical Properties 
Fig. 5 shows the relations of the normalized water content, wn to normalized qu and normalized 
Gmax, in which the normalized water content is a value obtained in such a way that the water contents 
Fig.4.Bright profile on L 
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of the specimens of Samples-1 to 4 are divided by their optimum water contents, respectively. The 
normalized qu and the normalized Gmax are values obtained such that qu and Gmax (subscript wi) 
obtained from UC test and BE test for each specimen are normalized by qu and Gmax (subscript wopt) 
obtained for the specimen having the water content in the vicinity of wopt, respectively. The trend lines 
of the test results are also shown in the figure. These results demonstrate that qu and Gmax of each of 
Samples-1 to 4 show a maximum value on the dry side of the optimum water content. In this study, we 
presumed that this phenomenon was related to the suction and the coordination number among soil 
particles as the soil microstructure. We, therefore, tried to calculate the suction and the coordination 
number from the resulting XCT images. 
3.2 Evaluation of Micro-Structure by X-ray CT Scan 
Fig. 6 shows horizontal cross-sectional images obtained by XCT performed on the specimens 
listed in Table 1 in order to calculate Pc. White parts, black parts, and grey parts correspond to soil 
particles, voids, and water, respectively, and especially the distinct white parts are presumed to be 
high-density parts containing iron sands or iron-rich soil particles. With reference to Fig. 6, it can be 
seen that the area of water indicated in grey is increased with the increase of water content and that the 
transition of the areas of soil particles, water, and voids associated with the compaction can be 
observed by XCT. When the differences of the dry densities between the samples are small, it is 
difficult to evaluate the suction by conventional methods(e.g. the pressure plate method). Therefore, 
the meniscuses were picked from the XCT images to calculate the suctions. Though the parts in Fig. 6 
which are considered to correspond to pore water are possibly affected by the partial volume effect, 
the pore water was determined to be generally expressed under the image-capturing conditions 
adopted in this study, because the meniscuses that affect the interaction among soil particles can be 
visually selected in the calculation of suctions described below and the meniscuses size are larger than 
the voxel size. The suction Pc defined in this study is a value which is calculated from the geometric 
force balance using Equation (1) by assuming that the soil particles are completely spherical particles 
Fig.5. Relationship of qu,wi/qu,wopt and Gmax,wi/Gmax,wopt ~ wn 
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as shown in Fig. 7(Higo et al., 2013):  
 
Pc = Ts (1/r1 - 1/r2)    Equation (1) 
 
wherein Ts is the surface tension of water and Ts = 72.25 mN/m (at 20°C) is used, r1 is the radius of 
curvature of the meniscus, and r2 is defined by the distance indicated in the figure. Pc was calculated 
from the portions which can be determined to be meniscuses as shown in Fig. 7. The total number of 
the portions of Specimens A to D was five, that of Specimen E was four, and that of the specimen F 
was two. Since the actual meniscuses are believed to be distributed in three dimensions, one meniscus 
comprises a plurality of horizontal cross-sectional images. In other words, the portions which were 
determine to be meniscuses in Fig. 10 may not represent minimum radii of curvatures. In this study, 
therefore, suctions were calculated from as many meniscuses as can be chosen from the horizontal 
cross-sectional images at the central portion of the specimen and the average value of the suctions was 
employed. However, the average suction of the specimen F was calculated from only two portions of 
meniscuses, so that the number of the samples is insufficient. It is considered necessary that the 
similar studies should be conducted on multiple horizontal and vertical cross-section images to 
perform statistical evaluation in the future. The suction between two spherical particles is calculated 
according to Equation (1) by assuming that soil particles are completely spherical. The particle shape 
defined by such an assumption does not exactly coincide with the shape of the actual soil particle, and 
therefore the value of the resulting suction may be different from that of the overall suction determined 
from the water retentive test. It is difficult, however, to accurately assess the suctions of the specimen 
which have dry densities slightly different each other using the water retentive test on the sandy soil. 
Accordingly, in this study, suctions between the soil particles are calculated using Equation (1). 
Coordination numbers are calculated in such a manner that the analysis region of 6.9 mm in length, 
6.9 mm in depth, and 4.2 mm in height was selected from XCT region of 10 mm in diameter and 5 
mm height at the center of the specimen as shown Fig. 8 to perform the image analysis within the 
analysis region. The basic analytical method is summarized as follows (refer to Fig. 9). First, the 
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three-dimensional configuration image of the analysis region obtained by XCT was binarized into soil 
particles and voids to separate soil particles and voids. The threshold for binarizing into soil particles 
and voids in this study is determined to be a value which allows the porosity n obtained from the 
analysis to match the porosity n calculated from the measured values of the specimens. Then, a 
plurality of points in soil particles which are equidistant from the boundary between the soil particles 
and the voids are located and connected for thinning of the soil particles. Then, the point (on the line 
defined in thinning through the particles) which is closest to the boundary between the soil particle 
and void (neck portion) is defined as a contact position between the soil particles, so that the number 
of the contact positions is defined as the coordination number. Since the processing described above 
were carried out on the three-dimensional configuration image as the object, the coordination numbers 
are calculated from three-dimensional data.  
Furthermore, in this study, the coordination number of one soil particle for analysis is integrated 
over the total number of the particles within the analysis region to calculate the average value, which 
is used as the average coordination number Nc. In the case where stress due to, for example, shearing 
is applied on the sedimentary structure formed by granules, a network (stress chain), which allows the 
stress to transmit via the contacts of the soil particles to resist the deformation caused by loading stress, 
is generated. Katagiri et al.(2012) have calculated the average coordination number Nc. Particles called 
free particles, which do not contribute to the stress chain, are present in the sedimentary structure of 
granules, and the stress chain functions via the contacts of particles. Therefore, the average 
coordination number is calculated assuming that soil particles having a coordination number (contact 
number) of 0 or 1 do not contribute to the stress chain. In this study, Nc was calculated under the 
condition that soil particles having a coordination number of 0 or 1 was also excluded from the 
population number.  
Fig. 10 shows the increase and decrease in Pc and Nc with respect to the variation of w. It can be 
seen that Pc shows a peak in the vicinity of wopt. For Nc, the result of Specimen B in Table 2 is different 
from the overall trend, showing a somewhat larger value. Even without this result, the peak value is 
found relatively on the dry side of wopt. The cause of large Nc for Specimen B in Table 2 is considered 
as follows: presumably the local density-increased region caused by non-uniformity of density during 
the preparation of the specimen is present in the XCT and image analysis regions, resulting in 
increased Nc, reflecting the increased density. It should be noted that, from the results of experiments 
and DEM analysis for dry sand and glass beads, the coordination number is known to be consistent 
with the increase and decrease in the density parameters such as porosity. If this fact is applied to the 
compacted geomaterial in the unsaturated state, Nc should be the largest in the state of wopt (ȡdmax). The 
Nc, however, shows its peak relatively on the dry side of wopt within the scope of this experiment. This 
result suggests that the increase and decrease of Nc in the compacted geomaterial may be influenced 
by not only parameters related to density, but also the effect of water content and suction which have 
not been considered in the past study.  
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Fig. 11, similar to Fig. 5, shows the results arranged in the form of normalized Pc and Nc plotted 
against the normalized water content, and also shows normalized qu and normalized Gmax of Sample [4]. 
The trend of increase and decrease of qu,wi/qu,wopt and Gmax,wi/Gmax,wopt with regard to w/wopt transition is 
well consistent with the trend of Pc,wi/Pc,wopt except for the w / wopt peak position, and the positions of 
the peaks are relatively located on the dry side, which is consistent with Nc,wi/Nc,wopt. As a result, it is 
suggested that the mechanical properties are affected by the suction and the coordination number 
although Pc,wi/Pc,wopt has a large effect on the properties. Nonetheless, in the UC test in which the 
mechanical test was performed on the specimens in the unsaturated state, the increase in the effective 
stress and intergranular bonding force, which correspond to the magnitude of the Pc which acts 
between particles, is believed to significantly affect the variation of the mechanical properties. 
4 Conclusions 
1) The unconfined compression strength and elastic shear modulus for specimens in the unsaturated 
state each had a peak on the dry side of the optimum water content. 
2) The suction in the specimen after compaction calculated from the analysis of the images obtained 
by XCT showed a maximum value in the vicinity of the optimum water content. The average 
coordination number showed a maximum value on the dry side of the optimum water content. 
3) In the increase and decrease in the normalized mechanical properties, suction and average 
coordination number, in the UC test, the water content ratios which indicate the maximum values 
of the deformation and strength properties and the suction of unsaturated soils are, strictly 
speaking, different each other. However, the increase and decrease in the deformation and 
strength properties and the suction with regard to increase in water content at the time of 
compaction were consistent each other. 
4) The results of 3) demonstrate that variation of the inter-particle binding force of the soil particles 
due to the increase and decrease in suction in the unsaturated state significantly affects the 
mechanical properties in the samples used in this study. 
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